This paper presents a systematic method for the analysis of photo-induced isotopic fi'actionation. The physical basis for this fractionation mechanism centers on the fact that isotopic substitution alters the energy levels, molecular symmetries, spin statistical weights and other f•mdamental molecular properties, producing spectroscopic signatures distinguishable from that of the parent isotopomer. These mass-dependent physical properties are identical to those invoked by Urey to explain stable isotope fractionation in chemical systems subject to thermodynamic equilibrium. Photo-induced isotopic fractionation is a completely general phenomenon and should be observable in virtually all gas phase photochemical systems. Water photo-induced isotopic fractionation has been examined in detail using experimental and theoretical data. These results illustrate the salient features of this fractionation mechanism for molecules possessing continuous UV absorption spectra and unit photodissociation quantum yields. Using the photo-induced isotopic fractionation methodology in conjunction with standard photochemical models, we predict substantial
Introduction
Stable isotope fractionation for molecules composed of light elements has been known since the 1930s. Urey first recognized that the mass dependence of vibrational and, to a lesser extent, rotational fi-equencies would alter the quantum mechanical partition t[•nctions of isotopereefs to produce measurable dit'fcrences in chemical equilibria, chemical reaction rates, and isotopic lkactionation [Urey, 1947] . Urey's seminal work demonstrated that the physical basis of isotopic fractionation was •'well correlated with the energy states of molecules as secured fi'om spectral data by the use of statistical mechanics" [Urey, 1947, p. 563 ]. Thus Urey defined a systematic method for the evaluation of isotopic l•actionation in systems that achieve thermodynamic equilibrium. The first applications of this theory concentrated on isotopic fractionation in geological and astrophysical processes. Subsequent work has used ilnproved spectroscopic constants used to calculate the partition functions and lYactionation factors [Richer et al., 1977] , but the conceptual mechanism fbr stable isotope fractionation has remained relatively unchanged [Kaye, 1987; Richer et al., 1977] .
A number of groups have recently achieved the technical expertise necessary to measure isotopic fractionation of the terrestrial atmospheric trace gases O• [Johnston and Thiemens, 1997; Mauersberger, 1987] challenges the most basic understanding of global biogeochemical cycles. Data sets that combine atmospheric mixing ratios and isotopic fractionation have sufficient inlbrmation content to constrain global budgets as well as quantit• individual trace gas sources and sinks [Johnston and Thiemens, 1997] . Several groups have also inferred the composition of the paleoatmosphere from the isotopic ffactionation found in ice cores [Petit et al., 1999] .
The last 30 years have also witnessed tremendous progress in the measurement of isotopic t?actionation in the atmospheres of Venus, Mars, Jupiter, Saturn, Uranus, Neptune, and Titan. Many of these studies have fbcused on the determination of the D/H ratio since this quantity is a sensitive measure of an atmosphere's evolutionary history [Debergh, 1993; Frost eta/., 1982; Geiss and Reeves, 1981; Kaye, 1987; Leduse and Robert, 1994; Owen, 1992; Owen et al., 1986; Thiemens, 1999 [Encrenaz et al., 1995; Encrenaz et al., 1991] , in the stratospheres of the giant planets Encrenaz et al., 1999] , and in comets [Blake et al., 1999; Eberhardt et al., 1995] . The interpretation for the observed D/H lYactionation pattern has been presented by ¾ung and Dissly [1992] . Here we emphasize the point that the large deuterium enrichments in the atmospheres of Mars and Venus are believed to be the result of photolytic and kinetic processes.
A key lkature of planetary atmospheres is that they are dominated by photochemical processes and do not achieve thermodynamic equilibrium [Kaye, 1987; Kaye, 1992] . Theretbre Urey's theory is inadequate to describe the isotopic fractionation observed in these systems. We address this deficiency by presenting the theory of photo-induced isotopic fi-actionation effects (PHIFE), a framework for the systematic evaluation of photo•Chemical isotopic fractionation. We demonstrate that PHIFE is a completely general phenomenon and has the same physical basis as Urey's thermodynamic equilibrium theory of isotopic fractionation. PHIFE should be observable in any photochemically driven planetary atmosphere and may be applied to virtually any parent molecule and its isotopomers. The PHIFE theory explains the isotopic fractionation of different isotopomers regardless of substitution position or the mass of the substituted isotope. PHIFE should be especially important in species for which photodissociation is the dominant destruction mechanism. The PHIFE theory was originally developed to explain the simultaneous enhancement of i515N, i5•70, and i5180 signatures in stratospheric N2 ¸ Yung and Miller, 1997] . It became apparent that PHIFE applied to many different chemical species and was equally valid •)r modeling the atmospheric photochemistry of the terrestrial planets, the giant planets, satellites, interstellar clouds, etc.
This paper investigates the photo-induced isotopic fractionation of water in the atmospheres of Earth and Mars. The wealth of experimental and theoretical data on water photodissociation also enables us to examine several methods for evaluating PHIFE. The remainder of the paper is organized as follows: Section 2 describes the physical basis for photo-induced isotopic fractionation. Section 3 contains a detailed application of these principles to water photodissociation. Modeling results of water PHIFE in the atmospheres of Earth and Mars are presented in section 4. We conclude with some general remarks on photo-induced isotopic f¾actionation in section 5.
Physical Basis of Photo-Induced Isotopic

Fractionation
The principle underlying photo-induced isotopic fractionation is that every isotopomer has a unique spectroscopic signature. This is a direct result of the mass-dependent nature of the quantum mechanical formulae governing molecular energy levels. Urey [1947] recognized the unique spectral properties of different isotopomers and incorporated this information into his thermodynamic equilibrium theory of isotopic fractionation. The isotopic dependence of a molecular spectrum is readily apparent f•)r rotational or vibrational transitions where the transition t?equencies are strongly dependent on the reduced mass of the molecule. Isotopic differences become subtler in electronic absorption spectra since the dependence on the molecular reduced mass is generally much smaller. However, isotopic substitution will cause changes in the molecular symmetry group and the nuclear spin statistics, making the electronic absorption spectra of different isotopomers distinguishable. Therefore PHIFE models treat the photodynamics of each isotopomer independently. The principles of molecular photodissociation used to develop the PHIFE theory are well known [Okabe, 1978; Schinke, 1993; Ytmg and DeMote, 1999] and the interested reader is directed to these comprehensive texts for more details. This paper develops the theory of photo-induced isotopic t?actionation tbr molecules with continuous UV absorption spectra and unit photodissociation probability; PHIFE in systems exhibiting predissociation, resolved vibronic structure, or competition between dissociation and radiative decay will be addressed in a future report [C. E. Miller and Y. L. Yung, manuscript in preparation, 2000]. Given that molecule 2' and its isotopomer X' have unique electronic absorption spectra, it fbllows that the photodissociation rates for different isotopomers are mass-dependent since If photodissociation is a significant sink for the molecule under consideration. then (5) predicts the degree of isotopic fractionation produced during photolysis. One describes the effective photo-induced isotopic enrichment with the function -g(E) since 0 _<f_< 1 which means that the LnO') contribution to (3) will always be negative. A value of-g(E) > 0 indicates enrichment of the isotopemet under consideration while -g(E) 0 indicates depletion. Ideally, the photochemical modeling of PHIFE entails selecting a molecule to investigate, scaling the abundance of each isotoperuer to the appropriate initial value, providing cxpcrimentally measured UV absorption cross sections for each isotopemet and then executing the model run. The model runs normally in all other ways. The output provides a clear picture of the isotopic fractionation induced by photochemistry. It is often the case that cr'(E) the experimental UV absorption spectrum the isotopemet X' has not been measured but that cr/E) is known. 
form of W02 translates into a or(E) which has a nearly Gaussian
contour but •s compressed at low energies and elongated at higher energies. If the isotopomer X' has a larger reduced mass than X, then its ZPE will be lower. Since the electronic potential surfaces are the same for both isotopomers, the contours of q•'0 and cr'(E) will be nearly identical to •0 = and or(E). However, since the ground state probability density of the heavier isotopemet resides lower in the potential well, its wave function is confined to a smaller area of coordinate space than that of the There are caveats associated with PHIFE calculated from ab initio absorption cross sections. Accurate isotopic fractionation determinations will depend on the quality of (1) the global topology of both the ground and excited electronic states, (2) the transition dipole moment function, and (3) the energy separation between the ab initio potentials. Small inaccuracies in any of these components may lead to imprecise results. Additionally, most ab initio absorption calculations are performed only for rotational angular momentum drot = 0 and neglect all contributions from hot band absorptions. These limitations are investigated in section 3.2.
Detailed Example: Water
PHIFE From Experimental Absorption Spectra
Water is an important photochemical component of the terrestrial and Martian atmospheres, and hydrological cycles play a crucial role in determining the biogeochemistry of each planet. The photodissociation of water via its first absorption band provides an ideal case for which to analyze photo-induced isotopic fractionation effects in detail. This is a benchmark system for the study of direct photodissociation and has been the subject of extensive experimental and theoretical investigation [Schinke, 1993] . Another advantage of using water to demonstrate PHIFE is that deuteration causes large shifts in the absorption spectra and accurate experimental measurements of the absorption cross sections exist for H20, HDO, and D20 The qualitative behavior of the HDO and D20 photo-induced isotopic fYactionation functions does not seem unusual, but the magnitudes of the calculated-e(E) are 10 to 100 times larger than those typically observed for atmospheric trace gases. Figure  4 illustrates that the-e(E) are largest at the lowest photon excitation energies. This observation coupled with (1) through (6) suggests that the incident photon flux I(E) will amplify the enrichment of the heavy water isotopomers in planetary atmospheres where a dominant atmospheric constituent effectively absorbs high-energy UV radiation. For example, 02 and O3 create an effective atmospheric photodissociation window between 46,000 and 49,000 cm -I in the terrestrial atmosphere [Yung et al., 1989] , while CO2 eliminates most of the UV flux above 52,000 cm '• in the Martian atmosphere [Anbar et al., 1993] . Thus water PHIFE in the terrestrial and Martian atmospheres will be dominated by absorption in the low-energy tails of the isotopomer spectra and the deuterium enrichments corresponding to these absorptions (Figure 4) .
Comparison of Different PHIFE Calculations for H20, HDO, and D20
We now consider water PHIFE determined from experimental, ab initio, and the ZPE-shift absorption spectra. This comparison anticipates the occasions when it will be necessary to estimate PHIFE from an approximation method and to understand the limitations of such an estimate. For example, the water PHIFE presented in Figure 4 No experimental UV absorption spectra have been reported for the heavy oxygen isotopomers H2•70 and H2180, but one may estimate the PHIFE for these isotopomers using the data in Table   800 Table 1 and suggest that the ZPE-shift PHIFE calculation provides a reliable reproduction of the experimental photo-induced /¾actionation thnction below 55,000 cm -•.
Summary of the PHIFE Methodology
The principles of photo-induced isotopic fractionation have been presented with a detailed analysis of water photodissociation via the first absorption band. We emphasize that isotope-dependent experimental absorption cross sections should be used in PHIFE calculations to ensure optimal accuracy. Absent experimental data for all of the desired isotopomers, one may approximate PHIFE reasonably well with ab initio calculations or absorption spectra calculated from the ZPE-shift inethod. For water the ab initio absorption spectra provided a very good global representation of the isotope enrichment functions, although the agreement was not as good in the low- Table 3 provides calculations of water isotopomer PHIFE at some common photodissociation wavelengths. An accurate assessment of water PHIFE in planetary atmospheres requires that measurements of the experimental absorption cross sections tbr all water isotopomers be extended into the 45,000-50,000 cm '• range (see below). An experimental determination of the temperature dependence of the water isotopomer absorption spectra between 150 and 500 K would also be valuable for many modeling conditions. Finally, it would be interesting to have experimental measurements of the H2170 and H2180 absorption spectra and PHIFE since the l¾actionations for these isotopomers are predicted to be an order of magnitude smaller than the PHIFE associated with deuterated water isotopomers.
Photochemical Modeling of Water Photo-Induced Isotopic Fractionation
Earth
The experimental UV absorption spectra (Figure 2) H20, HDO, and D20 as a function of altitude between 50 and 100 kin.
The model predicts three distinct photolysis regions. The lowest altitudes, 50 -60 kin, are characterized by a large disparity in the water isotopomer photolysis rates: `]H20-2 `]HDO and `]H20 HDO, and D20 photolysis rates, 4.774, 3.502, and 2.781 x 109 cm -2 s -• lbr, respectively, obtained for this simulation. The column-integrated enrichlnent factors are also identical to those determined in the first simulation. All of the column integrated photolysis rate data is collected in Table 4 . The photo-induced isotopic fractionation derived from the altitude dependent `]too, `]re)o, and JD20 is shown in Figure 12 predicts that water vapor should be deuterium-enriched at all altitudes, even though the photolysis between 75 and 100 km is dominated by photon energies in the 55,000-65,000 cm '• range.
The results show that the photolysis of HDO in the mesosphere is about 26% less than that for H20. Since HDO is the primary source of D to the upper atmosphere, this reduces the efficiency of the escape of D atoms relative H atoms [Yung et. al., 1989 ]. The fractionation of H atoms in the upper atmosphere will be further accentuated by the preferential production if H atoms in HDO photodissociation since the H/D quantum yield ratio ranges from 2 to >100 for photon energies between 50,000 and 65,000 cm -I [Schinke, 1993; Shafer et al., 1989 ]. This mechanism for reducing the escape rate of D atoms must be added to the depletion of HDO across the tropopause due to its preferential condensation relative to H20 [Moyer et al., 1996] .
However, about half of the H20 in the mesosphere is derived from the oxidation of CH4, for which no freeze-drying occurs at the tropopause. The consequences of these new results remain to be incorporated into a new model for the evolution of the Earth's atmosphere.
Mars
A preliminary analysis of photo-induced isotopic fractionation of water in the Martian atmosphere has recently been reported [Cheng et al., 1999; Kass and Yung, 1999 ]. Water photolysis rates in the Martian atmosphere have been computed using the absorption spectra from Figure 3 and the photochemical model of Nair et al. [ 1994] . The calculated dependence of the H20, HDO, and D20 photolysis rates for altitudes between 0 and 60 km are shown in Figure 13 . This figure clearly illustrates that there are major differences between the Martian and terrestrial atmospheres. The most obvious difference is that water photolysis is important all the way to ground level on Mars; this is due to the relative transparency of the Martian atmosphere. The water isotopomer photolysis rates vary by an order of magnitude at the lowest altitude evaluated, as was the case in the terrestrial simulation, but the relative differences in the , and 0.6937 x 109 cm -2 S -• for H,_O, HDO, and D20 , respectively, are significantly more disparate than those calculated tbr the terrestrial atmosphere. It is interesting to note that the total rates for water photolysis in each atmosphere are of the same order of magnitude. However, dxoT(H20) is 25% larger in the Martian atmosphere than in the terrestrial atmosphere while dTOT(HDO) and JToT(D20) are 44% and 75% smaller in the Martian atmosphere. This is reflected in the photo-induced isotopic enrichment factors for the Martian atmosphere: 595%0 fi)r HDO and 884%0 for D20 in the 0 -60 km column.
The inclusion of the small, extrapolated components of the water absorption spectra (Figure 10) also has a dramatically different impact on the simulated photolysis rates in the Martian atmosphere. Figure 13b shows that the extrapolated absorption cross sections lead to nearly constant photolysis rates below 20 kin for each isotopomer. The differences in the photolysis rates are again separated by a factor of 10 and remain separated by approximately the same amount for all altitudes below 60 kin.
The column-integrated photolysis rates increase compared to those calculated froin the non-extrapolated spectra, but the column integrated photo-induced isotopic enrichment factors are virtually the same, 611%o tbr HDO and 888%0 for D20. The column-integrated water photolysis rate data for the Martian atmosphere is collected in Table 5 . Figure 14 displays the altitude-dependent isotopic enrichment factors for HDO and D20 calculated from the photolysis rates shown in Fig. 13a . The implications of these results for the evolution of Mars have been discussed by Cheng et al. [1999] and Kass and Dmg [1999] . They support the hypothesis that Mars initially possessed a globally averaged water reservoir 50 m deep, but most of this water has escaped. The current globally averaged Martian water reservoir is estimated at 9 m depth and is sequestered in the polar caps. Unlike Earth, fractionation on Mars due to water condensation appears to be less important, at least to first order. This is because the entire Martian atmosphere resembles the terrestrial stratosphere.
Concluding Remarks
This paper has presented a systematic method for the evaluation of photo-induced isotopic fractionation effects (PHIFE) in molecules possessing continuous UV absorption spectra and unit photodissociation probability. It was shown that PHIFE arises as a natural consequence of the distinguishable spectral signatures of different isotopomers and that this is necessarily a mass-dependent phenomenon. The PHIFE theory provides an important complement to Urey's theory of isotopic fractionation and enables one to analyze isotopic fractionation patterns in planetary atmospheres where photochemistry produces nonequilibrium conditions. These principles were illustrated with a detailed analysis of water PHIFE in the terrestrial and Martian atmospheres.
Photo-induced isotopic fractionation appears to be a completely general phenomenon and should apply to the photochemistry of all interesting planetary atmospheres. Our treatment of N20 PHIFE in the terrestrial stratosphere [Miller and Dmg, 2000; Yung and Miller, 1997] These successes indicate that the theory is fundamentally correct;
however, it appears that refinements in the PHIFE simulations are required to achieve complete quantitative agreement with the rapidly increasing database of experimental N20 measurements.
The water PHIFE results from this study provide an interesting perspective on the HO,• cycles of the terrestrial upper atmosphere and on the evolution of the Martian hydrological cycle. Preliminary work suggests that methane, hydrogen chloride, phosphine, and hydrogen sulfide will display PHIFE signatures with magnitudes similar to those of water. We anticipate that molecules possessing UV absorption spectra with resolved vibronic structure will also produce measurable PHIFE. However, the (•(E) functions will be much more complicated than the continuous absorption spectra displayed by molecules undergoing direct dissociation, even for fast predissociation processes that approach 100% dissociation efficiency. Additionally, the isotopic variations of the vibronic absorption t•atures will in general depend on isotopic shifts in both the lower and upper electronic states. The interesting outcome of vibronic spectra PHIFE is that the spectral shifts induced by isotopic substitution often move the absorption features of the isotopomer into regions where the UV flux is higher, especially in the case of an optically thick absorber. This type of behavior was demonstrated for CO isotopomers in interstellar clouds [Cacciani et al., 1998 ]. Similar effects may contribute to the PHIFE signature of ammonia in the Jovian atmosphere and carbon dioxide in the Martian atmosphere.
The measurement of isotopic fractionation in the trace gas constituents of planetary atmospheres continues to be an active research area. Applications of this data range from the quantification of source and sink terms in global budgets to the characterization of paleoatmospheres. Isotopic l?actionation measurements will become increasingly important as the technology for making the measurements improves with the next generation of space-based high-resolution spectrometers (ISO, TESS, FIRST, etc.) and photochemical models. We anticipate that photo-induced isotopic fractionation will prove a valuable addition to the comprehensive understanding of planetary photochemistry.
